ABSTRACT: Advances in materials science and chemistry have led to the development of a wide range of nanostructured materials for building novel electrochemical biosensors. A systematic understanding of the challenges related to electrode morphology involved in designing such sensors is essential for developing effective biosensing tools. In this study, we use nanoporous gold (npAu) thin film electrode coatings with sub-micron thicknesses, as a model system to investigate the influence of nanostructuring on DNA-methylene blue (MB) interactions and their application for DNA biosensors. The interaction of single-and double-stranded DNA immobilized onto morphologically different np-Au films with MB was electrochemically interrogated via square wave voltammetry (SWV). The electrochemical signal from these electrodes in response to MB decayed progressively with each SWV scan. The decay rate was governed by accessibility of the electrochemically-active np-Au surface by the analyte. The optimum frequency for extracting the maximum signal via SWV was influenced by the film morphology, where the optimum frequency was lower for the nanoporous morphology with lower density of molecular access points into the porous coating. Overall, the np-Au electrodes exhibited a 10-fold enhancement in probe grafting density and approximately 10-fold higher electrochemical current upon probetarget hybridization as compared to the planar Au electrodes. The np-Au electrodes enabled sensitive detection with a dynamic range of 10 nM to 100 nM that shifts by an order of magnitude for coarsened np-Au morphology due to increased target penetration into the porous network and hence enhanced hybridization efficiency. These findings provide insight into the influence of nanostructuring on the transport mechanisms of small molecules and nucleic acids, and yield an understanding of diverse sensor performance parameters such as DNA grafting density, hybridization efficiency, sensitivity and dynamic range.
INTRODUCTION
The rapid detection of biomolecular markers is required for diagnosis, management of diseases and for conducting fundamental biological studies 1, 2 . To address this need, sensor technologies with a wide-range of detection modalities, including optical, mechanical, magnetic, and electrochemical, have been devised 3, 4 . The detection systems commonly need to be fast, accurate, and sensitive. It is also desirable to have a platform that can be easily interfaced with electronics for scale-up and multiplexed biomarker detection. To that end, electrochemical biosensors have attracted significant attention as powerful bioanalytical tools [5] [6] [7] , in particular for nucleic acid detection. Electrochemical DNA sensors have traditionally employed planar Au electrodes 8 , which offered limited sensitivity, selectivity, and limit of detection due to crowding of capture probes on the surface that limits their accessibility by target molecules 9 . Recently, nanostructuring of the electrode surface greatly mitigated these issues and enabled significant enhancement in sensor performance 10, 11 . These enhancements include increased surface area-to-volume ratio and surface coverage of capture probes, favorable orientation of the immobilized probes, and higher electro-catalytic activity at the surface. Some of the nanostructured sensors include, carbon nanotubes 12, 13 , gold nanopillars 10 , nanoporous platinum 14, 15 , palladium and platinum clusters 16 . While there are numerous claims on nanostructured materials enhancing sensor performance, a systematic study as to how nanostructure enables this and what are the parameters for optimizing performance is still lacking. In order to systematically investigate the response of DNA functionalized electrodes and the effect of nanostructure in tuning their properties, nanoporous gold (np-Au) was chosen as the model system in the current studies. Np-Au is a promising nanostructured material for developing affinity based nucleic acid sensors owing to its amenable characteristics such as high electrical conductivity 17, 18, 19, 20 , tunable pore morphology 21 , corrosion resistance 22 , biocompatibility 21 , biofouling resistance 23 compatibility with microfabrication processes 24, 25 , and well-studied gold-thiol surface chemistry for conjugating biomolecules [26] [27] [28] [29] . Np-Au is produced by a nano-scale selfassembly process, where silver atoms are dissolved from a silver-rich gold alloy in nitric acid and gold atoms diffuse at the metal-electrolyte interface to create a bicontinuous openpore structure 30 . The selection of redox molecules is also crucial to fully register the electrochemical behavior of the nanostructured sensor and has a great impact on its performance. Various redox molecules such as potassium ferrocyanide, ruthenium hexamine chloride 1, 10, 15 and methylene blue (MB) [31] [32] [33] [34] [35] [36] [37] have been used in the past to explore the electrochemical properties of the nanostructured materials and their utilization for nucleic acid sensing. Electrochemical reactions involving potassium ferrocyanide and ruthenium hexamine chloride are diffusionlimited due to fast electron transfer rate constant of these molecules 38, 39 . In such cases, the redox molecule does not have enough time to permeate the high aspect-ratio nanostructures (e.g., nanopores) and thus enhanced surface area is no longer an advantage. On the other hand, 2 electrochemistry of MB is a combination of diffusion and surface controlled processes with the latter being dominant in DNA-functionalized electrodes 40 . Consequently, a larger portion of the nanostructured surface participates in active electron transfer, thereby taking advantage of the enhanced surface area for electrochemical reactions necessary for biodetection. Due to this, we chose MB as the model hybridization marker in the current studies and presented a systematic electrochemical analysis of the interactions of this redox marker with DNA modified np-Au films with varying morphologies. Another reason for selection of MB is its ability to differentiate between ssDNA and dsDNA. MB is known to specifically bind with ssDNA via ionic interactions and affinity binding with free guanine bases 32 that decreases upon target hybridization [31] [32] [33] [34] [35] [36] [37] . Despite successful utilization of MB as an electro-active indicator for DNA hybridization in the past, a fundamental study investigating the interactions of MB with DNA functionalized nanostructured films and influence of varying morphologies on the electrochemical properties is missing.
Here we report a comprehensive study to understand the response of MB towards DNA functionalized np-Au films and its molecular transport limitations. In addition, we investigated the impact of electrode morphology on optimal SWV frequency which is crucial for sensor response. We further demonstrated a DNA sensor by tuning the probe grafting density and dynamic range of detection by varying the extent of nanostructuring.
EXPERIMENTAL SECTION Chemicals and Reagents
0.15 mm-thick glass coverslips (22 mm × 22 mm), used as substrates for film deposition, were purchased from Electron Microscopy Sciences. Gold, silver and chrome targets (99.95% pure) were obtained from Kurt J. Lesker. Nitric acid (70%, used as received) and MB were purchased from SigmaAldrich, USA. Sulfuric acid (96%) and hydrogen peroxide (30%) were obtained from J. T. Baker. Piranha solution, for cleaning glass coverslips, consisted of 1:4 ratio (by volume) of hydrogen peroxide and sulfuric acid. CAUTION: Piranha solution and nitric acid are highly corrosive and reactive with organic materials and must be handled with extreme care. Tris (2-chloroethyl) phosphate (TCEP), magnesium chloride, sodium phosphate monobasic, sodium phosphate dibasic were obtained from Fisher Scientific. Phosphate buffered saline (PBS) was purchased from Life Technologies. Methylene blue, carboxylic acid, succinimidyl ester (MB-NHS) were obtained from Biosearch Technologies. The oligonucleotides used in this project consisted of 26 bases and were purchased from Integrated DNA Technologies, USA. The 5`end of probe ssDNA (p1 and p2) was modified with a C6 linker and thiol group. 3` end of p2 was modified with an amine group to enable tagging with MB. Probe ssDNA (p1): 5ThioMC6-D/CGT GTT ATA AAA TGT AAT TTG GAA TT; Probe ssDNA (p2): 5ThioMC6-D/CGT GTT ATA AAA TGT AAT TTG GAA TT/3AmMO Target DNA (t1): AAT TCC AAA TTA CAT TTT ATA ACA CG Fabrication of nanoporous gold (np-Au) electrodes Np-Au gold films were prepared as described previously 41 . Briefly, the glass coverslips were cleaned by immersion in a freshly-prepared piranha solution for 10 minutes, rinsed with deionized (DI) water, and dried under nitrogen flow prior to metal deposition. First, a 160 nm-thick chrome layer was sputtered to promote adhesion between the glass substrate and the subsequent metallic layers. Next, 80 nm-thick seed layer of gold was sputtered and finally silver and gold were cosputtered from different targets to obtain 600 nm thick alloy layer. All depositions were performed in argon at a pressure of 10 mTorr. The samples were then dealloyed in 70% nitric acid at 55 °C for 15 minutes to produce the np-Au films and then rinsed with DI water. In order to obtain samples with different pore morphology (annealed np-Au), a group of dealloyed samples were thermally treated for 3.5 minutes at 225 °C on a hot plate. Planar gold electrodes were also fabricated by sputter-depositing a 50 nm-thick chrome adhesion layer followed by 250 nm-thick gold film onto piranha-cleaned glass cover slips.
Characterization of np-Au morphology
Top and cross-sectional views of the samples with different morphologies were captured with a scanning electron microscope (FEI Nova NanoSEM430) at 100 kX magnification to investigate micro-and nano-scale morphological features, as well as the thickness of np-Au films. Top-view images of samples were analyzed using ImageJ (National Institutes of Health shareware, http:// rsb.info.nih.gov/ij/index.html) in order to determine the average pore and ligament sizes for various morphologies. Briefly, the grayscale SEM images were segmented into monochrome images and threshold was adjusted in order to define pores as black and ligaments as white. Crack and pore areas as well as perimeters were extracted from these processed images to be used as metrics for evaluating biomolecule access into the porous coating. Immobilization of probe DNA on electrodes Thiolated probe DNA stock solution was reduced in 5 mM TCEP solution for 2 h and excess TCEP was filtered out. TCEP provided higher yield of reduced DNA and a simpler filtration protocol in comparison to reagents such as DTT 42 . For immobilization, the electrodes were first cleaned in dilute (1:4) piranha solution for 20 seconds. These electrodes were then incubated in an immobilization solution containing 25 mM phosphate buffer (PB), 2 µM thiolated probe DNA (p1) and 50 mM MgCl 2 for 1.5 h at room temperature. The probemodified electrodes were further treated with a back-fill agent, 1 mM mercaptohexanol (MCH) prepared in PB for 2 h to obtain a well-ordered DNA-MCH monolayer. The electrodes were thoroughly rinsed with PB to remove non-specifically bound DNA. To investigate DNA-MB interaction mechanism, DNA functionalized electrodes were incubated in 150 µl of 20 µM MB prepared in 1X PBS for 10 minutes. The electrodes were washed after MB accumulation to remove unbound MB molecules. Subsequently, the electrode was placed inside a custom-built Teflon electrochemical cell and 1X PBS buffer was used for subsequent electrochemical measurements. For control measurements, covalently conjugated MB-DNA was employed. For this, amine modified 26mer probes (p2) were tagged with MB via a previously reported method 43 . Thiol reduction and immobilization of these probes was carried out in a similar way as the untagged probes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Probe modified electrode was challenged with different concentrations of target DNA. The electrode was incubated with desired target DNA prepared in PB containing 50 mM MgCl 2 for 35 minutes at 37 °C. The electrode was then rinsed to remove non-specifically bound target molecules. MB accumulation was again performed in a similar manner.
Electrochemical characterization
All electrochemical measurements were performed in a homemade Teflon cell integrated with a Gamry Reference 600 potentiostat. Np-Au or planar Au electrodes having a foot print of 0.15 cm 2 were used as working electrodes. Platinum wire and Ag/AgCl electrodes were used as counter and reference electrodes, respectively. Cyclic voltammetric (CV) measurements were performed in 0.05 M sulfuric acid at a scan rate of 50 mV/s over the potential range, -0.25 mV to 1.75 mV to determine the effective surface area of the np-Au and planar Au electrodes. Square wave voltammetry (SWV) was utilized to interrogate the probe grafting and target hybridization on the electrodes. SWV was carried out in 1X PBS over the potential range of 0 to -0.5 mV with an amplitude of 40 mV, step size of 4 mV, and pulse frequencies ranging from 3 Hz to 60 Hz.
RESULTS AND DISCUSSION
The goal of this paper is to understand the effect of nanostructuring on various factors that dictate performance of electrochemical DNA sensors by using np-Au as a model system. The results discussed here include: (i) morphological characterization of np-Au electrodes by SEM; (ii) characterization of effective surface area of np-Au electrodes by oxide stripping technique; (iii) response of DNA functionalized np-Au films to MB and molecular transport limitations; (iv) dependence of optimal SWV frequency on electrode morphology; and (v) demonstration of a DNA sensor by tuning the probe grafting density and dynamic range of detection by varying the extent of nanostructuring. Pores, ligaments and cracks are the key features in np-Au morphology. Typical pore size was between 20-120 nm and the morphology remained uniform through the film thickness. We noticed crack-like void formations after dealloying as shown in Figure 1a , possibly due to volume contraction during dealloying and the brittle nature of nanoporous metals 44 . In order to investigate the effect of pore morphology on MB-DNA interactions, a group of np-Au samples were thermally annealed. This increases the surface diffusion of gold atoms and leads to coarsening of ligaments and expansion of cracks resulting in a different morphology of np-Au films 21 ( Figure   1b ). The side walls of cracks in the annealed films offer additional surfaces for ionic transport and make the porous structure more accessible. Side wall area (additional surfaces for molecular permeation into the np-Au film) available in both morphologies was determined by multiplying the average crack perimeter by number of cracks and film thickness. The total flux area available for ionic transport was obtained by adding the side wall area to the total porous island area for each morphology. The flux area of the un-annealed np-Au films was 1.3 X 10 14 nm 2 . For annealed films, expansion of cracks resulted in 2-fold increase in the flux area. As the accessibility of the film by the analyte was largely dictated by the flux area available for the ionic transport, the annealed films were twice as accessible as the un-annealed films. Traditional surface area measurement techniques, such as Brunauer-Emmett-Teller (BET), cannot be used for characterizing the surface area of sub-micron thin films as those techniques require a specific surface area of ~5 m 2 /g 45 . Alternatively, measurement of charge required to strip the gold oxide layer via CV provides an accurate measurement of the effective area 38, 45 . This reaction is not mass transportlimited and therefore the entire nanostructured surface participates in the reaction, enabling a reliable estimate of surface area. Figure 2 illustrates the cyclic voltammograms of planar Au and np-Au films, revealing a drastic increase in the current values for np-Au films as compared to the planar Au electrode. The electrical charge under the gold oxide reduction peak between the potentials 720 mV and 970 mV was converted into the effective surface area by using 450 µC/cm 2 as the specific charge required for gold oxide reduction 45 . The ratio of the effective surface areas of different np-Au samples to the effective surface area of control planar Au sample was defined as enhancement factor, E h . The effective surface area of np-Au samples was 6.55 cm 2 displaying a significant E h of 9.26. Thermally-annealed np-Au samples had a lower E h , 2.41 possibly due to pore coalescence resulting in a decrease in the number of pores.
Interaction of MB with probe-modified np-Au films
In the current study, probe-functionalized np-Au films were characterized by SWV to study their response to MB and mass transport limitations. Un-annealed np-Au and planar Au films were functionalized with p1 probes and incubated with MB. SWV was performed at 18 Hz for np-Au and at 60 Hz for Au. The frequencies were selected by studying a range of frequencies as a function of morphology (discussed in the next section). The peak current in np-Au films was 10 times higher than planar Au as shown in Figures 3a, Figure S1 , which correlates well with the increase in surface area (E h = 9.26). This suggests that the entire surface is participating in the electrochemical reaction. The probe peak current was reproducible for different electrodes with an average of 43 µA and a standard deviation of 4.7 µA for n=4 samples. We observed a decrease in the MB peak current with successive SWV scans in both np-Au and planar Au films as shown in Figure 3a and b. The dissociation of MB from electrode surface into the electrolyte solution might be the reason for such a decrease in signal. After each SWV scan, the electrode surface is rich with reduced (less positively charged) MB molecules 37 . These molecules are now loosely bound to the immobilized DNA molecules and tend to move away from the sensor surface into the electrolyte 37 . As the dissociated MB molecules disperse into the electrolyte, they become dilute and cannot move towards the electrode against the concentration gradient. This effectively leads to less MB available (hence a decrease in signal amplitude) with successive scans.
Transport limitations, especially for MB to penetrate the porous structure once dispersed into the electrolyte, are more prominent in np-Au films owing to their highly tortuous structure 21 . Hence the extent of signal reduction was greater in np-Au (65%) compared to planar Au (50%). The dissociation constant of MB for planar Au was calculated to be 0.07/min ( Figure S2a ), which is in good agreement with the previously reported values 37 . However, this analysis is not applicable for the np-Au films due to the complex MB dissociation phenomena involving transport of desorbed MB through the pores into the electrolyte ( Figure S2b) . In order to further validate the MB dissociation phenomenon leading to signal decay, a similar experiment was performed with MB covalently-attached to probe DNA. The signal was stable for over ten SWV scans with less than 5% decay as shown in the insets of Figures 3a and b . This further confirms that transport limitations of non-covalently-bound MB molecules are responsible for the signal depletion. The detection of DNA hybridization using MB is a signal off mechanism, that is, a decrease in the current is expected upon hybridization 31 . However, in the presence of the decaying signal with successive SWV measurements, it would be difficult, if not impossible, to differentiate the signal drop caused by a hybridization event. In order to overcome this ambiguity, MB signal needs to be regenerated before performing target hybridization. To achieve this, the MB signal was depleted by performing ten consecutive SWV scans and the probe-grafted sample was again incubated with fresh MB to instate a definite electrochemical current baseline. The initial signal could thus be regenerated multiple times by successive depletion and regeneration steps as shown in Figure  3c . The regenerated signal was within 5 % of the starting signal after each MB replenishment cycle. Hence, it is essential to first perform multiple SWV scans on the probe and deplete the signal before target hybridization. This ensures that the signal reduction is only due to the target and not due to the signal decay upon multiple scans. This technique of MB replenishment enables the same np-Au electrode to be used successively for the detecting multiple concentrations of target DNA molecules.
SWV signals as a function of frequency for different np-Au morphologies
The amplitude of the peak current is used as a metric for characterizing the bound target in case of SWV-based sensors. This signal amplitude is a function of the SWV frequency and electrode morphology. Np-Au films display high surface area that can result in signal enhancement. However, the entire surface contributes to the signal enhancement only when the electrochemical measurement is carried out at the right frequency 44 . The frequency that allows the participation of the entire surface in the redox reaction relies on the rate of analyte transport in and out the nanostructured film, which in turn depends on accessibility of the entire electrode surface by constituents of the reaction (e.g., redox molecules, target DNA, ions). This section focuses on the effect of 5 nanostructuring on optimum frequency for obtaining the highest signal.
We examined the response of probe-functionalized np-Au films (both un-annealed and annealed) to MB at SWV frequencies in the range 3 Hz to 60 Hz (Figure 4 ). For planar Au electrodes, signal amplitude increased with frequency until 60 Hz and then saturated. Hence 60 Hz was chosen as the optimum frequency for sensor operation. However, in case of np-Au films, signal amplitude increased until a certain critical frequency (18 Hz and 30 Hz for un-annealed and annealed npAu respectively) and decreased at higher frequencies as shown in Figure 4 and supplementary Figures S3a and b . Thus critical frequency for obtaining the maximum SWV amplitude depended on the morphology of the np-Au film. The flux area available for ionic transport increased in annealed np-Au films making the structure more accessible, thereby incrasing the critical frequency from 18 Hz in un-annealed films to 30 Hz in annealed films. We chose these critical frequencies as the optimum frequencies for np-Au electrodes for subsequent studies. Beyond the critical frequency, the rate of increase in faradaic current with frequency decreased in np-Au films ( Figure S3c , supporting information). This decrease is attributed to the ionic species in the electrolyte not having sufficient time to fully permeate the nanoporous electrode at high frequencies, limiting the electrochemically active surface area. This result is in agreement with previous experiments demonstrating limited accessibility of the porous surface at comparable scan rates 39, 45, 46 . In contrast, the rate of increase of SWV signal for planar Au was constant within the same frequency range ( Figure S3d) . A similar behavior was observed for MB-tagged probe DNA (p2) immobilized on np-Au and planar Au electrodes, despite the fact that the MB molecules were restricted from moving ( Figure S4 ). This further confirms that the transport of ionic species is the underlying reason for this phenomenon and not the dissociation of MB molecules. Effect of electrode coating morphology on probe grafting density The technique of MB regeneration and identification of optimum frequencies for different morphologies enable the development of a sensor for detecting DNA hybridization using MB as an efficient redox marker for np-Au films. Target hybridization mainly depends on the amount of probe molecules available. However, densely-packed probe layers may also give rise to electrostatic and steric hindrances for target DNA. Thus an optimum density of probe is crucial for enhanced sensor performance that can be achieved by tuning the nanostructure. We define probe grafting density (GD) as the number of probe molecules normalized to the electrode surface area. In case of planar Au electrodes, there is an optimal GD such that it is high enough to capture low concentrations of analyte DNA and produce measurable signal changes while low enough to not cause steric hindrance for target hybridization 47 . In order to study the effect of morphology in tuning GD, three sets of samples (un-annealed np-Au, annealed np-Au and planar Au films) were incubated with 26mer probe DNA (p1 and p2). MB accumulation was carried out on samples functionalized with p1 probes. This step was not required for samples functionalized with p2 probes, since MB molecules were covalently attached to the probes prior to electrode functionalization. SWV measurements were performed at optimum frequencies of 18 Hz for un-annealed np-Au, 30 Hz for annealed np-Au and 60 Hz for planar Au films. A 10-fold enhancement in peak current was obtained in un-annealed and annealed np-Au films compared to the planar Au films in both p1 and p2 probes. In case of p1 probes, each probe molecule provides sites for physical adsorption of MB. However, it is difficult to estimate the exact number of MB molecules per probe molecule. On the contrary, for the case of MB-tagged DNA (p2), each DNA molecule is covalently-labeled with a single MB molecule. Also, the DNA grafting procedure is the same for both p1 and p2 probes. Therefore, p2 probes were used for estimating GD on different morphologies of electrodes. The total number probe molecules (N tot ) on the electrode surface for different morphologies were estimated from the SWV peak current using a previously described model that predicts the voltammetric peak profile of a surface redox reaction (1) 48,49 : where I is the average peak current, n is the number of electrons (n=2 for MB) transferred in the redox reaction, f is the SWV frequency, F is the Faraday's constant, R is the universal gas constant, T is the temperature, and E is the peak amplitude. N tot was then normalized to the electrode surface area to obtain GD. The GDs for different electrode morphologies are summarized in Table 1 . In particular, GD on planar Au electrodes was comparable to those calculated in literature via electrochemistry 47 and fluorescence 50 , which validated our method of estimating GD. These densities also matched
closely with those obtained from probes with physically adsorbed MB analyzed in a similar way. A higher GD was observed in both un-annealed and annealed np-Au films as compared to planar Au films. GD of annealed np-Au films was twice that of un-annealed films. Although the un-annealed films provide higher surface area, because of more accessibility, the number of probe molecules per unit surface area is higher in case of annealed films. It can be further hypothesized that the combination of a higher GD and enhanced accessibility may lead to better target hybridization in annealed films compared to un-annealed np-Au films. 
Target hybridization on different morphologies
In order to determine the detection range of target DNA, the probe-functionalized nanostructured sensors were challenged with different concentrations of target DNA. A decrease in the MB signal was observed after target hybridization, which is attributed to the hindrance of MB interaction due to lack of free guanine bases in dsDNA 30 . The difference in peak current between probe and target was about 10 times higher in np-Au films compared to planar Au films as shown in Figure 5 . MB was depleted via ten successive SWV cycles and replenished after obtaining probe baseline and for each of the target concentrations. Figure 5 shows the first SWV scan obtained for each target concentration and the peak current was considered for quantitative evaluation of the sensor (inset: Figure 5 ). The sensor exhibited a linear response between 10 nM-100 nM of target concentration (inset: Figure 5 ). Planar Au-electrodes did not did not display any change in signal strength within this concentration regime but showed a linear response at a higher concentration between 1 µM to 10 µM. 100 fold improvement in sensitivity and shift in dynamic range was observed with un-annealed np-Au as compared to planar Au. Increased accessibility due to larger pores in annealed films may facilitate better transport of target molecules resulting in enhanced hybridization efficiency and detection of lower concentrations of target molecules. To investigate this, annealed np-Au samples were used for target hybridization. SWV was performed at the optimum frequency (30 Hz) for these samples. It was possible to detect target concentrations as low as 500 pM with annealed np-Au films. The dynamic range of annealed np-Au films was 0.5 nM to 10 nM which was shifted by an order of magnitude compared to unannealed np-Au films and two orders of magnitude compared to planar Au films, as shown in Figure 6 . The hybridization event in un-annealed and annealed np-Au morphologies can be viewed as a combination of two events, as illustrated in Scheme 1. Event 1 corresponds to target molecules entering the pores and Event 2 corresponds to the target molecule binding with probe molecules upon entering the pore. The factor that determines the efficiency of a target molecule entering the porous structure is geometric accessibility, that is, access points of molecules into the porous electrode. Once inside the porous structure, the probability of a target molecule binding to the probe molecule should mainly depend on the interplay of two factors (i.e., GD and orientation of probe molecules). GD of np-Au films was greater than planar Au electrodes. Consequently a target molecule encounters a significantly higher number of probe molecules within a pore compared to a planar surface, thereby significantly increasing the probability of hybridization. These two factors together, resulted in enhanced hybridization in npAu electrodes. The flux area (geometric surfaces where molecules can permeate the porous electrode) in annealed films is twice that of un-annealed films. This enhances the occurrence of Event 7 1, which is the transport of target molecule into the porous network in annealed films. The transport of target molecules to the electrode surface can be further facilitated by embedding the electrodes in shallow microfluidic channels thereby reducing transport duration within the electrolyte. Probe grafting density in annealed np-Au films is twice that of unannealed films. Hence, there is an increase in the probability of binding of the target molecule once it is inside the pore (Event 2). These two factors together (i.e., enhanced accessibility and higher probe grafting density in annealed films) enabled the detection of lower concentrations of target molecules and resulted in a shift in dynamic range of detection. A similar tuning phenomenon was observed for dendritic electrode structures obtained by electrodeposition of palladium thin films. For this convex electrode geometry, which can be conceptualized as an inverse geometry of the largely concave np-Au geometry, the enhanced sensor performance was attributed to larger deflection angles between grafted probe molecules enabled by small radius of curvature of the electrode nanostructures 16, 51, 52 . Finally, it should be noted that the sensor discussed in this study was not optimized for lower detection limits and it can be significantly improved by reducing electrochemical cell volume (e.g., via microfluidics) and electrode size to optimize target-to-electrode transport and reaction rates 53, 54 . Scheme 1. a) For the un-annealed np-Au with minimal cracks, the molecules (e.g., DNA probes) can permeate the porous films only from the top surface. b) For annealed np-Au with cracks separating the porous islands, the molecules can permeate the porous film from the top and side of the islands, thereby enhancing the accessibility of the porous electrode. c) For a planar electrode, a target DNA moving randomly through the solution has a small probability of making molecular contact,that is, hybridizing with the immobilized DNA probes. d) For a porous electrode, once the target DNA enters the pore, it is surrounded by surfaces immobilized with probe DNA and the random movement yields a much higher hybridization probability.
CONCLUSION
We demonstrated the effect of varying np-Au morphologies on the performance of an electrochemical DNA biosensor. Our studies revealed that the extent of SWV signal decay due to MB dissociation from the DNA grafted films depend on the morphology of the electrode. Additionally, an optimum SWV frequency is required to realize the benefit of the entire nanostructured surface. These concepts provided insight into DNA grafting density and hybridization efficiency on the npAu electrodes. The np-Au sensor displayed a 100-fold shift in dynamic range of detection towards lower concentrations of DNA as compared to its planar counterpart. Annealed np-Au films showed improved accessibility and a further 10-fold shift in dynamic range of the sensor. We have shown that engineering the nanostructure to manipulate the sensitivity of each sensing element is a powerful strategy to tune the dynamic range. These studies can further be extended to design an array of nanostructured sensing elements with varying morphologies on a single chip with each element being responsive at a different concentration regime for detecting multiple targets. The concepts presented here can also be applied to the design of DNA sensors based on other nanostructured materials. We expect this fundamental study will be a path to rationale development and implementation of nanostructured sensors for point-of-care diagnostics and medical research.
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